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Introduction

According to GLOBOCAN estimates, approximately 
12.7 million cancer cases and 7.6 million cancer deaths 
occurred in 2008. Among these cases, breast cancer is the 

leading cause of cancer death among females and affects 
a more significant number of people worldwide than any 
other cancer, accounting for approximately 23% of the 
total number of cancer cases and 14% of cancer deaths (1).  
Angiogenesis is known to play an essential role in the 
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growth, progression and metastatic potential of breast 
cancer (2-6). For these reasons, tumor angiogenesis has 
become a critical target of breast cancer therapy. New 
blood vessel formation in the tumor microenvironment is a 
complicated process that is stimulated by multiple signaling 
pathways and mediators. Among these mediators, the 
vascular endothelial growth factor (VEGF) family of ligands 
play a major role (7,8). Therefore, VEGF has become a 
promising target of anti-angiogenic therapy, which can 
be inhibited by preventing VEGF from binding to its 
receptor or inhibiting signaling downstream of the receptor. 
Avastin (bevacizumab), a monoclonal antibody that targets 
all isoforms of VEGF-A, continues to be extensively 
investigated for the treatment of breast cancer (8,9).

Many studies suggest that VEGF expression is 
significantly associated with a high intratumoral microvessel 
density (MVD) and poor prognosis in breast cancer patients 
(10-13). Vessel normalization is reflected morphologically 
by a decrease in vessel density as well as loss of branches 
and a particular laminar vessel organization following anti-
angiogenic treatment (14). Currently, the standard used for 
the evaluation of the angiogenic activity of tumors is the 
quantification of tumor vascularization from histological 
tissue sections. Tumor vascularization is typically quantified 
by determining MVD using immunohistochemical 
techniques such as staining for CD34, CD31 (PECAM) 
and von Willebrand factor (vWF) (15,16). However, 
immunohistochemical methods are relatively subjective, 
not truly quantitative and only display two-dimensional 
microvessel structures. Thus, these measurements are 
not necessarily representative of vascularity throughout 
the entire tumor (17,18). To address these issues, other 
researchers have employed automated three-dimensional 
reconstruction of tumor microvasculature using serial 
sections. However, several inherent problems resulted from 
the construction of the three-dimensional structure of 
tumor microvasculature using serial histological sections, 
including misalignment, missing sections and imperfect 
perfusion (17,19-21).

Given these difficulties, we applied X-ray microangiography 
and third-generation synchrotron radiation-based micro-
computed tomography (SR micro-CT) technology to 
quantify tumor angiogenesis accurately and evaluate the 
anti-angiogenic effect of Avastin. Synchrotron radiation 
(SR) techniques present new possibilities for performing 
numerous types of structural studies. They provide 
enhanced sensitivity to contrast agents and superior image 
quality, with a high spatial resolution of 20–30 µm (22).  
Recently, SR was used as a powerful tool to study small 

vessels of various animal organs ex vivo and in vivo with 
a high-resolution, high-speed imaging system (22-24). 
Additionally, breast tumor metastasis to the lung in a 
xenograft mouse model was imaged using SR, and there 
were apparent differences observed compared with healthy 
lung tissue (25,26). 

In the present study, we use SR techniques to investigate 
the diversification of angiogenesis in the development of 
tumor growth and evaluated the anti-vascular effects of 
Avastin. 

Methods

Cell culture 

The highly metastatic MDA-MB-231HM cell line was 
established by our institute (ZL 200910174455.4). MDA-
MB-231HM cells were routinely maintained in Leibovitz’s 
L-15 medium with 2 mM L-glutamine at 37 ℃ in a 
humidified atmosphere containing 5% carbon dioxide 
(CO2). The medium was supplemented with 10% fetal 
bovine serum (FBS), 100 U/mL of penicillin and 100 μg/mL  
of streptomycin. 

Tumor model and treatment

Female BALB/c nu/nu mice (20±2 g, 4–6 weeks) were 
obtained from the Shanghai Institute of Material Medical, 
Chinese Academy of Science. All studies on mice were 
conducted following the NIH Guide for the Care and Use 
of Laboratory Animals. The study protocol was approved 
by the Shanghai Medical Experimental Animal Care 
Committee. Cells (3×106) were injected into the mammary 
fat pads of the mice in a volume of 100 μL. Caliper 
measurements were performed at 7-day intervals, and 
tumor volume was calculated as D×d2×0.52, where D is the 
long diameter, and d is the short perpendicular diameter. 
Therapy was initiated on the 8th day after tumor cell 
injection after the tumor volume had reached approximately 
100 mm3. A total of 24 animals were randomized to 
receive injections of either saline, as a control, or Avastin 
(bevacizumab; Roche, Welwyn Garden City, UK; dose,  
7.5 mg/kg) for 3 weeks, twice weekly.

Preparation and injection of contrast agents

Barium sulfate nanoparticles were used as a contrast 
agent (Sachtleben Chemie GmbH, Germany; size 
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<700 nanometres) to obtain high-contrast images of 
microcirculation. The nanoparticles were suspended 
in glycerol (50% water solution) at a concentration of  
0.5 g·mL−1. All animals were anaesthetized via intraperitoneal 
injection of ketamine (200 mg/kg) (Ketanest; Pfizer, 
Karlsruhe, Germany). The image contrast agent was then 
injected into the left ventricle, and the mice were sacrificed 
before imaging (27). 

SR imaging

Tumor microangiography was performed at the Beamline 
BL13W1, the X-ray imaging and biomedical application 
station of the Shanghai Synchrotron Radiation Facility 
(SSRF) in China. When the maximum size of the beam 
incident to the sample was 47 mm horizontally and 5.2 mm 
vertically, objects were placed approximately 34 m from 
the source, and the distance between the samples and the 
downstream detector varied from 0 cm to 8 m.

SR micro-CT 

A monochromatic 37.6 keV X-ray source, just above the 
K-absorption edge of Barium (37.45 keV), was obtained 
from the silicon crystals of the Beamline BL13W1. A total 
of one thousand projections were acquired for each sample, 
with an exposure time of 25 ms for each projection. The 
equivalent detector resolution was approximately 9 μm, and 
the distance from the sample to the detector was 5 cm.

In-line SR phase-contrast imaging 

SR phase-contrast imaging was used to observe lung 
metastases from two groups of mice in vitro. The proper 
imaging parameters used to examine the mouse lung 
samples were an energy level of 20 keV and an object-to-
detector distance of 1 m to obtain the best image quality.

Metastasis assays and immunocytochemistry

At the end of the experiment, trunk blood was collected, and 
the serum was isolated and analyzed by ELISA for VEGF 
expression according to the manufacturer’s instructions 
(R&D Systems Inc., Minneapolis, MN, USA). Tumor 
and lung samples were harvested, and each sample was 
embedded in paraffin blocks and sectioned at a thickness 
of 4 μm. Lung sections were stained with hematoxylin 
and eosin and analyzed using a light microscope (Leica 

Instruments, Nussloch, Germany) to detect lung metastases 
for correlation with SR phase-contrast images. After 
deparaffinization of the tumor sections, the MVD was 
detected and quantified as previously reported (28). Briefly, 
specimens were incubated with an anti-CD34 monoclonal 
antibody (BioGenex, San Ramon, California, USA) at a 
dilution of 1:20 or in control, non-immune serum. The 
reaction products were then incubated with link antibodies, 
followed by a peroxidase-conjugated streptavidin 
complex (LSAB kit; DAKO, Carpinteria, CA, USA). 
Peroxidase activity was visualized using diaminobenzidine 
tetrahydroxychloride solution (DAKO) as the substrate. 
The sections were lightly counterstained with hematoxylin 
and then viewed using microscopy. The slide that appeared 
to have the highest density of microvessels was selected for 
determination of MVD.

Image processing and statistical analysis

Dr. Yan Xi and Dr. Shengmei Gu conducted image 
processing and analysis. Image Pro Plus 6.0 (Media 
Cybernetics Inc., USA) was used to eliminate background 
noise generated by the detector. SR micro-CT three-
dimensional image reconstruction was generated using 
Amira 4.1 software (Mercury Computer Systems, USA). 
Quantification and tree analysis of tumor vascularization 
was performed with the Analyze 10.0 software package 
(Analyze; Biomedical Imaging Resource, Mayo Foundation, 
Rochester, MN, USA). Adobe Photoshop CS4 (Adobe 
Systems Inc., USA) was used to combine the images to 
construct an overview of the region of interest within the 
sample.

Analysis of variance and Student’s t-test were used 
to determine the statistical significance of differences 
between the Avastin-treated group and the control group. 
P values less than 0.05 were considered significant and 
the confidence intervals quoted were at the 95% level. 
Statistical analyses were performed with SPSS Software 
version 13.0 (SPSS, Chicago, IL, USA).

Results

Analysis of angiogenesis using SR micro-CT

After injection of the contrast agent, the mice were 
euthanized, and the tumor samples were harvested for SR 
micro-CT imaging. Images of Avastin-treated mice and 
control mice were obtained after 3 weeks of treatment to 
quantify the potential anti-angiogenic effect of Avastin. 
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Figure 1 Three-dimensional tumor microvessels of xenograft mouse models in vitro by SR Micro-CT. (A) The Avastin-treated group; (B) 
control group. Minimal vessel diameter is about around 20–30 µm. Bar: 1 mm.

Avastin-treated group Control group

A B

As shown in Figure 1A,B, three-dimensional structures 
of microvessels were displayed with a high spatial image 
resolution of approximately 20–30 µm. Figure 2A shows that 
quantification of tumor angiogenesis indicated a significant 
reduction of the MVD in the Avastin-treated group 
compared to the control group. Also, the density of smaller 
vessels (diameter <50 µm) was significantly decreased 
in the Avastin-treated mice, while the density of larger 
vessels (diameter >100 µm) was not significantly changed. 
Tree analysis of tumor angiogenesis provided detailed 
information regarding vascular branches (Figure 2B,C).  
In each group, we chose to analyze the vessel tree with 
the most branches, and we initiated the tree analysis or 
branching schematics at the root point. There were 5 
branching points and 7 terminal branching vessels in the 
Avastin-treated group, compared with 23 branching points 
and 25 terminal branching vessels in the control group, 
confirming the anti-angiogenesis effect of Avastin.

Histomorphologic analysis

The vascularization of tumors derived from the Avastin-
treated and untreated breast cancer xenograft models was 
analyzed by staining vessels with CD34 (Figure 3A,B). 
Quantitative analysis indicated a lower tumor vascular 
density in the Avastin-treated group compared to the 
control group. This was consistent with the vascular 
evaluation of breast cancer tissue in the Avastin-treated 
group and control group by SR micro-CT using barium 
sulfate nanoparticles as a contrast agent.

Tumor volume and lung metastasis analysis

In the following experiments, we assessed the effect of 
Avastin on tumor growth and metastasis using orthotopic 
xenograft tumor models in athymic mice. Tumor growth 
was analyzed at the indicated time intervals. The results 
revealed that the tumor volume was significantly lower in 
mice treated with Avastin (Figure 4A). Also, we measured 
the amount of VEGF in the serum of the mice using 
ELISA. The level of VEGF was significantly lower in the 
serum of mice from the Avastin-treated group compared to 
the control group (Figure 4B). 

To study pulmonary metastasis influenced by Avastin, 
lungs from mice in the Avastin-treated group and control 
group (Figure 5) were examined physically by SR phase-
contrast imaging in vitro and then subjected to microscopic 
examination to detect morphologic evidence of tumor cells 
via light microscopy of H&E-stained paraffin sections. As 
shown in Figure 5, the incidence of lung metastasis was 
decreased in mice treated with Avastin compared with the 
control group.

Discussion

This study aimed to assess the feasibility of the SR 
techniques for use in angiography applications in xenograft 
mouse models of breast cancer and, most importantly, 
to evaluate the effect of Avastin on tumor angiogenesis 
and lung metastasis. Detailed visualization of the vascular 
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Figure 3 Immunohistochemical images of xenograft mouse models of breast cancer by CD34 staining. (A) Avastin-treated group (n=6); (B) 
control group (n=6). Original magnification ×400.

A B

Avastin-treated group Control group

Figure 2 Vessels density of Avastin-treated group and control group. (A) Relative vessels density analysis of Avastin-treated group and control 
group. *, P<0.05 versus control. Vascular tree analysis of the two groups: (B) control group (n=6); (C) Avastin-treated group (n=6). The vessel 
trees that had the most branches were analyzed in the two groups, and the tree analysis or branching schematics was started at the root point.

A

B C

R
el

at
iv

e 
ve

ss
el

s 
de

ns
ity

All vessels          <50            50–100           >100
Diameter (um)

Control

Avastin

*

*

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

Avastin-treated groupControl group



423Quantitative Imaging in Medicine and Surgery, Vol 9, No 3 March 2019

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2019;9(3):418-426qims.amegroups.com

systems of tumors and lung metastases was demonstrated. 
Previous studies have described the capabil ity to 
quantitatively analyze MVD, vessel distribution patterns 

and connectivity using SR (22,29-31). However, this 
high-resolution technology has not been used to evaluate 
the anti-angiogenesis properties and inhibition of lung 

Figure 4 Tumor growth and VEGF analysis of Avastin-treated group and control group. (A) Avastin inhibits MDA-MB-231HM tumor 
growth. Treatment with saline control (n=12) or Avastin (n=12), was initiated in established tumors (100 mm3) on day 8 post tumor cell 
injection and continued for three weeks. Tumor volume was measured once a week. Points, mean tumor volume; ***, P<0.0001, treatment 
versus control. (B) Measurement of the amounts of VEGF in the mice serum by ELISA. The level of VEGF was significantly lower in the 
serum from Avastin-treated group when compared to the control group. *, P<0.05 versus control. VEGF, vascular endothelial growth factor.
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Figure 5 Pulmonary metastasis analysis. SR phase-contrast imaging (A,B) was obtained at 20 keV with the object-to-detector distance of 1 m. 
The pixel size was 9 μm × 9 μm; the exposure time was 2.5 ms. (C,D), H&E-stained examination was carried in vitro. Original magnification 
×200. The arrows in (B) and (D) indicated lung metastasis. Avastin-treated group (n=12), control group (n=12).
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metastasis by Avastin before the present study. 
It  has been demonstrated that VEGF increases 

vascular permeability, facilitates EC migration (7) and 
remodels the ECM (32,33). Avastin binds human VEGF 
and prevents activation of VEGFR1 and VEGFR2 to 
restrain EC sprouting. Anti-angiogenic treatment has a 
relatively more significant effect on smaller vasculature 
compared to other types of the vasculature (17,34-37). 
Reduced and fortified tumor vasculature may also inhibit 
the shedding of cancer cells into the circulation, which 
is a prerequisite for metastasis (14). In previous studies, 
tumor vascularization was quantified by determining MVD 
using immunohistochemical techniques such as staining 
for CD34, CD31 (PECAM) and vWF (15,16). However, 
these methods are relatively subjective, which only show 
two-dimensional microvessel structures, and cannot truly 
quantify the vascularity throughout the entire tumor to 
evaluate the effect of Avastin on breast cancer angiogenesis 
(17,18). In this study, the effects of Avastin treatment, 
assessed by SR, were not only in line with previous 
reports but also provided more quantitative information. 
The construction of the three-dimensional structure of 
tumor microvasculature was well displayed in Figure 2. 
Furthermore, the relative vessels density results were 
showed to confirm the anti-angiogenesis effect of Avastin.

Compared with other techniques for tumor vessel 
morphologic evaluation and measurement of vessel 
content, SR micro-CT has several additional features. It 
provides the opportunity to study the three-dimensional 
structures involved in tumor angiogenesis, such as vascular 
connectivity, angles, and branches. SR can also be used to 
image an entire organ and, hence, can be a useful tool for 
performing quantitative measurements of intrapulmonary 
tumors and their vascular content in breast carcinoma–
bearing mouse models showing high lung metastasis rates. 
Also, the spatial resolution of SR vascular imaging, after 
filling samples with barium sulfate nanoparticles, can reach 
approximately 10 μm, which is much higher than that of 
conventional angiography techniques, such as CT, MRI, 
and ultrasound (16,23,25,38-40). Also, barium sulfate 
nanoparticles are very stable and seldom diffuse from 
blood vessels to the surrounding tissue. However, these 
nanoparticles can potentially cause serious side effects, and 
mice may die in a short time after that injection.

Nevertheless, given the high spatial resolution required 
for vascular imaging, observation of microvessels in vivo 
without contrast agents is challenging. Iodine has been used 
as a contrast agent in some studies to obtain vascular images 
in real time. However, it can rapidly diffuse, and thus, it 

cannot be used to observe blood vessels for long periods (22). 
In conclusion, this study uses SR imaging, specifically 

SR micro-CT imaging, as an ideal modality to assess the 
effects of anti-angiogenic therapy and visualize pulmonary 
metastasis in xenograft mouse models of breast cancer 
following Avastin treatment. Most importantly, the 
detailed quantitative information obtained from SR-
based microangiography indicates a new direction for the 
application of anti-angiogenic Avastin therapy in basic and 
clinical cancer research. Although SR is a promising new 
imaging tool for the analysis of tumor progression and 
therapeutic drug responses, due to the operational complexity 
of this technology, it is difficult to detect in large quantities.
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